Introduction
Tellurophene is a five-membered heterocycle (C 4 H 4 Te, Figure 1 ) homologue of the furan molecule. Tellurophenebased compounds have received great attention for the development and fabrication of promising polymeric conductors [1, 2] and nonlinear optical materials [3] [4] [5] [6] [7] [8] . The experimental structure of C 4 H 4 Te is available from microwave measurements [9] , whereas the infrared and Raman spectra of C 4 H 4 Te and of its perdeuterated isotopomer (C 4 D 4 Te) were recorded in various phases [10] [11] [12] [13] [14] . On the theoretical side, the vibrational spectra of C 4 H 4 Te were previously calculated in vacuum under the harmonic approximation by using Hartree-Fock [7] and Density Functional Theory (DFT) computations [15] . However, as well-known in the literature, the harmonic treatment often overestimates experimental wavenumbers of fundamentals and overtones, in particular, of the highest-energy spectral regions [16] . To partially circumvent this deficiency, harmonic frequencies can be corrected through scaling procedures [17, 18] or direct anharmonic calculations [19] [20] [21] . Anharmonic terms are usually calculated by means of variational [19] or perturbative [20, 21] treatments. As established in the literature [22] , the perturbative methods are less accurate than the variational ones. Nevertheless, many recent results attest satisfactory performances of the perturbative methodologies, especially for the prediction of anharmonic contributions to fundamentals and overtones of cyclic compounds [22] [23] [24] [25] [26] [27] [28] [29] [30] .
In this work we investigate the effects of the anharmonic corrections on the vibrational wavenumbers of fundamental and overtone transitions of C 4 H 4 Te and C 4 D 4 Te. The anharmonic terms were predicted in the gas phase using the second-order perturbation theory (PT2) as described in detail by Barone [20] . The calculations were performed using the hybrid three-parameters B3LYP DFT method [31, 32] with the LANL2DZ(d,p) basis set [33, 34] . Anharmonic PT2-DFT spectra have been previously reported for the congeners furan [22, 25] , thiophene [22] , and more recently selenophene [30] . To the best of our knowledge, anharmonic theoretical wavenumbers of fundamental and overtone transitions of tellurophene and its perdeuterated isotopomer have been computed here for the first time. Figure 1 : B3LYP/LANL2DZ(d,p) geometrical parameters ( structure) of tellurophene. The data reported in the round brackets refer to the B3LYP/LANL2DZ(d,p) vibrationally averaged geometry ( structure). The data reported in the square brackets refer to the experimental geometry [9] .
Computational Details
The current computations were exclusively performed with the GAUSSIAN 09 package [35] . The structure of C 4 H 4 Te were fully optimized under the C 2v point group symmetry using the B3LYP functional with the LANL2DZ(d,p) basis set. The vibrational wavenumbers of C 4 H 4 Te and C 4 D 4 Te were determined at the B3LYP/LANL2DZ(d,p) level under the harmonic approximation through analytical computations. Anharmonic terms were calculated numerically using the PT2 procedure implemented in the GAUSSIAN 09 program (option: Freq (VibRot, Anharmonic)) [20] . There are many reports in the literature confirming that the PT2 treatment in combination with DFT methods provides satisfactory performances, especially for computing anharmonic vibrational frequencies of cyclic structures [22] [23] [24] [25] [26] [27] [28] [29] [30] . In particular, the PT2 method and the B3LYP functional have been employed with success to obtain the vibrational spectra of the homologues furan [22, 25] , thiophene [22] , and more recently selenophene [30] . The used PT2 scheme computes the third and fourth energy derivatives with respect to the normal coordinates through a numerical differentiation procedure described in detail in [20] . The potential energy surface ( ) can be expanded including anharmonic contributions up to the quartic term as
where are the harmonic wavenumbers, are the dimensionless normal coordinates, Φ and Φ , are respectively, the third-and fourth-order force constants. The Φ and Φ values are obtained through a finite difference scheme using quadratic normal coordinate force constants (Φ ) calculated analytically and performing displacements along each normal coordinate ( ):
As commonly adopted in the literature [24-26, 29, 30] , step size displacements of 0.025Å along the normal coordinates were used in the present work. The fundamental frequencies (] ) were determined from the , diagonal ( ) and offdiagonal ( ) anharmonic constants [20] : Figure 1 displays the bond lengths and angles of C 4 H 4 Te calculated at the B3LYP/LANL2DZ(d,p) level. In addition, the figure reports the available experimental data obtained by microwave measurements [9] . The B3LYP/LANL2DZ(d,p) geometry is in good agreement with the observed one, especially for the bond lengths C-Te (within 0.005Å), C=C (within 0.003Å), and C-H (the calculated and experimental values are identical), as well as for the bond angles (within 0.2-0.5 ∘ ). Figure 1 also presents the vibrationally averaged geometries ( structure) calculated by the vibration-rotation interaction constant values [20] . In line with previous studies on cyclic compounds [29, 30] , the vibrational averaging corrections lengthen the bond lengths of C 4 H 4 Te by 0.001-0.003Å, whereas the bond angles vary within 0.2 ∘ (C-Te-C). The experimental infrared and Raman spectra of C 4 H 4 Te and C 4 D 4 Te were obtained in vapour, liquid, CCl 4 solution, and solid phase [10] [11] [12] [13] [14] . Theoretically, some calculations on the C 4 H 4 Te isotopomer were previously performed using the harmonic treatment [7, 15] . In Tables 1 and 2 we present the B3LYP/LANL2DZ(d,p) harmonic ( ) and anharmonic wavenumbers (]), infrared intensities ( IR ) and Raman activities ( Raman ) of C 4 H 4 Te and C 4 D 4 Te, together with the available observed data for comparison [12] . The assignments of the vibrations were performed using normal modes as displacements in redundant internal coordinates (in the GAUSSIAN 09, the option: Freq = IntModes) and also through the graphical program Chemcraft [36] . The title compounds belong to the C 2v symmetry point group with the 21 normal modes categorized as 8A 1 + 3A 2 + 7B 1 + 3B 2 . All the modes with the exception of the A 2 vibrations are infrared active. It is worth noting that, the current assignments of the transitions reasonably agree with those previously determined by experimental [12] and computational [7, 15] studies. The complete sets of experimental fundamentals of both the investigated isotopomers are available from measurements in liquid phase [12] , whereas three C-H stretching transitions (modes numbers 1, 2, and 13) of C 4 H 4 Te were also detected in gas [11] . The harmonic frequencies systematically overestimate the experimental data with the notable exception of the modes numbers 9, 10, and 19 for C 4 H 4 Te and of the modes numbers 10 and 19 for C 4 D 4 Te. In the present study, we determined the root mean square (rms) deviation between the experimental and calculated wavenumbers which is defined as follows:
Result and Discussion
where ] is a vibrational frequency value. The rms deviations are included in Tables 1 and 2 (Figure 2) . The most significant , corrections are produced by the diagonal term ( , ) as well as by the coupling with the remaining C-H stretching modes. In the specific case of the modes numbers 1 and 2, the largest anharmonic coupling are 1,12 and 2,13 , which are predicted to be ca. −120 cm −1 and recover about 80% of the total anharmonic corrections ( − ], (3)). Other nonnegligible anharmonic contributions, although less substantial than 1,12 and 2,13 , are given by the 1,1 , 2,2 (ca. 12  6469  6083  4789  4598  13  6351  6013  4679  4478  14  3096  3019  3015  2986  2921  2916  15  2510  2451  2004  1969  16  2199  2154  1706  1680  17  1611  1588  1412  1393  18  1114  1093  1111  1049  1031  1049   B 2   19  1753  1717  1768  1367  1347  1383  20  1367  1331  1013  993  21  716  709  657  650 a See Tables 1 and 2 for the mode description. b Calculations were carried out in vacuum at the B3LYP/LANL2DZ(d,p) level. c Liquid phase, [12] . Table 1. errors. The harmonic approximation overestimates the experimental shifts by 47-63 cm −1 (5.9-8.1%), whereas the anharmonic computations, with the exception of mode number 1, underestimate the isotopic shifts showing smaller errors (1-19 cm −1 , 0.1-2.4%). The results are particularly excellent for the mode number 2. Table 3 collects the frequencies of the overtone bands of title compounds obtained using the harmonic and anharmonic approaches, together with the available experimental data which are only limited to eleven (C 4 H 4 Te) and five (C 4 D 4 Te) vibrational modes. Confirming the above results of the fundamentals, the greatest anharmonic corrections for the overtones occur for the ]C-H (]C-D) transitions, which reduce the harmonic values by ca. 5-6% (4-5%).
In Figures 4 and 5 we plot the infrared and Raman spectra obtained by the anharmonic calculations using pure Lorentzian band-shapes with a full width at half maximum of 10 cm (Tables 1 and 2) . From the present calculations, an almost isolated and relatively intense peak ( Raman ∼ 50Å 4 /amu) located near 1400 cm −1 appears in the Raman spectra of both tellurophene and its perdeuterated isotopomer. This transition (mode number 3) also visible in the infrared spectra is assigned to the C=C + C-C bonds stretchings with 
Conclusions
In this work we computed harmonic and PT2 anharmonic vibrational frequencies of fundamentals and overtone bands of C 4 H 4 Te and C 4 D 4 Te. The computations were performed in vacuum at the B3LYP/LANL2DZ(d,p) level of theory. The infrared and Raman spectral profiles were simulated using Lorentzian band-shapes and the most informative transitions were discussed. In general, the calculated harmonic frequencies deviate from the observed ones, with rms deviations of 66 and 43 cm , characterized by a relatively intense peak in the Raman spectra. In line with the recent literature, the present results on tellurophene isotopomers confirm that the anharmonic PT2-DFT approach can be employed to accurately predict the infrared and Raman spectra of heterocyclic compounds.
